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Muon lepton flavor processes are reviewed in connection with search for physics beyond the
standard model. Several methods to distinguish different theoretical models are discussed for µ →
eγ, µ→ 3e, and µ−e conversion processes. New calculation of the µ−e conversion rate is presented
including a Higgs boson mediated effect in the supersymmetric seesaw model.
I. INTRODUCTION
Search for lepton flavor violation (LFV) in charged lep-
ton processes is one of promising ways to look for physics
beyond the standard model. In the standard model with-
out neutrino masses, the lepton number is conserved
separately for each generation, so that the process like
µ → eγ is strictly forbidden. LFV search has been car-
ried out since the early days of muon experiments, and
experimental upper bounds have been improved contin-
uously by about two orders of magnitude per a decade.
In fact, the absence of the µ→ eγ process was a motiva-
tion to introduce the second neutrino, and therefore the
generation structure in the particle physics.
Recent discovery in neutrino oscillations suggests that
the lepton flavor is not strictly conserved in Nature. How-
ever, expected branching ratios for charged lepton LFV
processes are much suppressed in the simplest extension
of the standard model which accommodates the neutrino
oscillation, namely the seesaw model of neutrino mass or
the Dirac neutrino model. The discovery of LFV in the
charged lepton sector therefore implies existence of new
particles and new interactions beyond the simple seesaw
model, most likely in the energy scale close to the elec-
troweak scale.
Supersymmetry(SUSY) is a very important example
of new physics which can be explored by LFV pro-
cesses. SUSY models introduce SUSY partners of lep-
tons, namely sleptons, and the mass matrixes of the slep-
ton can be sources of LFV. In fact, since the low-energy
SUSY model was considered in early 80’s, it has been
noted that LFV processes put severe constraints on the
flavor off-diagonal terms of the slepton mass matrixes.
In recent years, searches for LFV processes has attracted
more attention. This is because it was pointed out that
the predicted branching ratios of LFV processes can be
close to the present experimental upper bounds for some
of well-motivated SUSY models such as SUSY GUT and
the SUSY seesaw model [1]. Unlike the non-SUSY ver-
sion of the seesaw neutrino model, it is possible that
the neutrino Yukawa coupling constant can be sources of
∗Talk given at the 2nd International Conference on Flavor Physics,
KIAS, Seoul, Korea, October 6-11, 2003.
†Electronic address: yasuhiro.okada@kek.jp
both neutrino oscillations and sizable LFV in the charged
lepton sector.
In this talk, muon LFV processes are reviewed in the
first part. In particular, discussions are given on how
we can distinguish different theoretical models. In the
second part, a new calculation on the µ−e conversion rate
is presented including a Higgs boson mediated effect in
the SUSY seesaw model. This is an example illustrating
usefulness of observables discussed in the first part.
II. MUON LFV PROCESSES
There are three important LFV processes related to
muon, namely, µ→ eγ, µ→ 3e, and µ− e conversion in
a muonic atom. Current experimental bounds on these
processes as well as tau LFV processes are listed in Table
1. The upper bounds on tau LFV processes in this table
TABLE I: Experimental bounds of LFV processes
Processes Current bound
µ+ → e+γ 1.2× 10−11
µ+ → e+e+e− 1.0× 10−12
µ−T i→ e−T i 6.1× 10−13
τ → µγ 3.1 × 10−7
τ → µη 3.4 × 10−7
τ → lll 1.4 − 3.1 × 10−7
are taken from new results of the Belle experiment[2]. In
τ → lll, l represents electron or muon, so that the listed
values corresponds to the range of upper bounds for var-
ious combinations of electrons and muons. As we can see
in this table, the upper bounds are stronger for muon pro-
cesses than tau processes. Relationship between tau and
muon LFV processes depends on a theoretical model un-
der consideration. For examples, muon processes severely
constrain the tau LFV processes in the SUSY seesaw
model, although there is some parameter space where
the branching ratios of tau LFV processes are closer to
the experimental bounds.
Among three muon processes, searches of µ→ eγ and
µ → 3e processes are carried out by positive muon de-
cays, whereas negative muons are used in the µ− e con-
version experiment. In the former case, positive muons
2are stopped in a target, and experimental signature is si-
multaneous emissions of e+ and γ, or e+, e+, and e− with
appropriate kinematics. On the other hand, a negative
muon behaves like a heavy electron in matter, so that it
falls into the 1s atomic orbit soon after it is stopped in a
target. The negative muon eventually either is captured
in a nucleus by weak interaction emitting a neutrino, or
decays in an orbit. If LFV interaction exists, muon can
be converted to electron without a neutrino emission. In
the µ − e conversion experiment, this electron emission
is searched for. There are two possibilities about final
states of the nucleus. If the nucleus state remains to
be the same grand state as the initial state, the energy
of the electron is monochromatic. If the nuclear state
is excited, the electron can have a broad spectrum. In
general, the grand state to grand state transition is dom-
inant, because this is a coherent process, and the transi-
tion probability has, roughly speaking, an enhancement
factor of the atomic number. The bound listed in Table
1 corresponds to the coherent transition.
There are future plans for µ → eγ and µ − e conver-
sion experiments. In the MEG experiment which is under
constriction at PSI, the µ → eγ will be searched to the
level of 10−14[3]. For µ − e conversion, the MECO ex-
periment at BNL is planed to cover 10−16 and below for
aluminum target [4]. In future, further improvement of
µ − e conversion search by two orders of magnitudes is
discussed as a part of a future muon facility at J-PARC
(PRIME experiment) [5].
If LFV is discovered in these experiments, the next step
is to determine the nature of new interaction so that we
can distinguish various theoretical models. I will discuss
several ways to obtain insights on new interactions.
A. Comparison of three muon processes
The effective Lagrangian describing the µ → eγ tran-
sition is given by
Lphoton = −
4GF
21/2
(mµARµRσ
µνeLFµν
+mµALµLσ
µνeRFµν + h.c.) . (1)
AR and AL are coupling constants, which are functions
of parameters of models including LFV interactions. The
above operators also make contributions to µ → 3e and
µ−e conversion processes. On the other hand, the latter
two processes can depend on other type of operators,
namely, µ¯ee¯e and e¯µq¯q type four-fermion interactions,
respectively. In many interesting cases including some
of SUSY models, however, the photon penguin operators
give dominant contributions in other two processes. In
such cases we can derive relations among the branching
ratios of three processes.
B(µ+ → e+e+e−) ∼ 6× 10−3B(µ→ eγ), (2)
σ(µ−T i→ e−T i)
σ(µ−T i→ capture)
∼ 4× 10−3B(µ→ eγ). (3)
These relations are important to classify types of new
physics models with LFV interactions.
B. Muon polarization in µ→ eγ and µ→ 3e decays
If muons are polarized, angular distributions with re-
spect to the initial muon polarization provide important
information on nature of LFV interactions.
For µ→ eγ, the angular distribution is given as follows:
dB(µ+ → e+γ)
d cos θ
∝ 1 +
|AL|
2 − |AR|
2
|AL|2 + |AR|2
Pµ cos θ, (4)
where Pµ is the muon polarization and the θ is the
angle between the muon polarization direction and the
positron momentum. The parity asymmetry ( Aµ→eγ =
(|AL|
2 − |AR|
2)/(|AL|
2 + |AR|
2)) is particularly impor-
tant in SUSY models, because this depends on whether
the flavor mixing exists in the left-handed slepton sec-
tor, the right-handed slepton sector, or both. For exam-
ple, Aµ→eγ = −1 for the SUSY seesaw model without
GUT because only left-handed slepton sector has the fla-
vor mixing. On the other hand GUT models in general
have non-zero values for both AL and AR.
For µ→ 3e, we can define two P-odd asymmetries and
one T-odd asymmetry [6]. The T-odd asymmetry is de-
fined as the up-down asymmetry of the initial muon po-
larization direction with respect to the final decay plane.
In the SU(5) SUSY GUT, the T-odd asymmetry can be
as large as 15% if we include the CP phase in the left-right
mixing term in the slepton mass matrix. On the other
hand, in the SO(10) SUSY GUT, the T-odd asymmetry
is small. This is because the photon penguin operators in
Eq.(1) give dominant contributions to the µ→ 3e ampli-
tude, whereas interference between the photon penguin
and four-fermion operators are necessary to generate the
T-odd quantities. In this case, however, two P-odd asym-
metries of µ→ 3e have definite relations with the µ→ eγ
asymmetry Aµ→eγ . Together with the branching ration
relation in Eg.(2), these relations provide evidence that
the LFV interaction is dominated by the photon-penguin
operators.
C. Atomic number dependence of µ− e conversion
branching ratio
In µ− e conversion experiments, choice of appropriate
target nucleus is an important issue. Although actual
planning of experiments involves many technical aspects,
estimation of backgrounds, etc, basic physical input is the
atomic number (Z) dependence of the µ − e conversion
branching ratios for a given Lagrangian at the quark and
lepton level. We therefore calculated the coherent µ− e
conversion rates in various nuclei for general LFV inter-
actions [7]. As shown below, the Z-dependence provides
another way to distinguish various theoretical models.
3The quark level Lagrangian relevant for coherent µ− e
conversion processes are given as follows:
Lint = −
4GF
21/2
(mµARµ¯σ
µνPLeFµν
+mµALµ¯σ
µνPReFµν + h.c.)
−
GF
21/2
∑
q=u,d,s
[
(
gLS(q)e¯PRµ+ gRS(q)e¯PLµ
)
q¯q
+
(
gLV (q)e¯γ
µPLµ+ gRV (q)e¯γ
µPRµ
)
q¯γµq
+h.c. ] . (5)
There are three contributions in the above Lagrangian.
The first one is ”dipole” operator, which is the same one
responsible to the µ → eγ decay. The other two are
”scalar” and ”vector” operators, namely the quark cur-
rents are scalar and vector types, respectively. Each of
three contributions have two operators according to the
structure of the lepton current.
In the calculation of the µ−e conversion branching ra-
tio, we used a fully relativistic formalism with the most
updated nuclear data. The relativistic effect turned out
to be very important in heavy nuclei. Although the
charged density in various nuclei is very precisely deter-
mined, the neutron density is not very well-known and
becomes a source of ambiguity. In [7], detail discussion
on the theoretical ambiguity is given.
In Fig.1, the Z-dependence of the µ − e conversion
rate is shown for three types operators. The conver-
sion branching ratio, namely the transition probability
divided by the capture probability, is normalized by its
value for Al, and the resulting factor is shown in this fig-
ure. We can see that the branching ratio is largest for
atomic numbers of 30-60 for any of three types of oper-
ators. Since the µ − e conversion process is a coherent
process and the capture process is not, we expect that the
branching ratio is larger for large nuclei. This is true up
to a certain nucleus, but not for heavy nuclei. The µ− e
conversion amplitude is essentially given by the overlap-
ping integral among three quantities, the initial muon 1s
wave function, the nucleon density, and the final electron
wave function. For heavy nuclei, the finite size effect be-
comes important in this overlapping integral and acts as
a suppression factor, so that the conversion branching ra-
tio is maximum in the intermediate nuclei. We also note
that there is little difference in Z-dependence in lighter
nuclei for different operators, but sizable difference ap-
pears for heavy nuclei. This is due to a relativistic effect
of the muon wave function. In fact the conversion for-
mula reduces to the same without a relativistic effect.
We can therefore use this dependence of the µ− e con-
version rate as a mean to discriminate different models.
For examples, B(µPb→ ePb)/B(µAl→ eAl)= 1.0, 0.77,
1.4 for dipole, scalar and vector operators.
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FIG. 1: The µ-e conversion ratios for the typical theoretical
models are plotted as functions of the atomic number Z. The
solid, the long dashed, and the dashed lines represent the
cases that the photonic dipole, scalar, and vector operator
dominates, respectively. In the calculation, an approximation
is used where nomailzed proton and neutron distributions are
taken to be the same. The conversion ratios are normalized
by the conversion ratio in aluminum nuclei (Z = 13).
III. HIGGS-MEDIATED µ− e CONVERSION IN
THE SUSY SEESAW MODEL
One of reasons why LFV search has attracted much
attention in recent years is that a sizable branching ratio
is predicted in well-motivated cases of SUSY models. In
particular, the SUSY seesaw model has a new source of
flavor mixing in the neutrino Yukawa coupling constant.
Through the renormalization due to the Yukawa coupling
constant, the flavor off-diagonal terms are induced in the
slepton mass matrixes. The resulting branching ratios of
LFV processes are large if the Yukawa coupling constant
is sizable. Although there is not exact one-to-one cor-
respondence between the neutrino mixing and the LFV
processes, the branching ratios of muon LFV processes
can be close to the experimental bounds, if the right-
handed neutrino mass scale is 1013 − 1014 GeV.
In this section, we discuss a new contribution to the µ−
e conversion process in the SUSY model due to exchange
of the Higggs boson. Although we take a SUSY seesaw
model as an explicit example, this effect can be important
for other cases, as long as we consider a large value of
tanβ, which is a ratio of two vacuum expectation values.
The Higgs sector of the SUSY model consists of two
Higgs doublets. This is required to write down all rele-
vant Yukawa coupling constants in a SUSY invariant way.
Namely, one Higgs doublet (H1) couples to down-type
quarks and charged leptons, and the other (H2) couples
to up-type quarks. The Higgs sector is so called ”Type
II” two Higgs doublet model. This is, however, the struc-
ture of Yukawa coupling at the tree level. If there are
sizable corrections due to SUSY particle loop diagrams,
it is possible that the effective Yukawa coupling is not ex-
4actly in the form of the Type II model, but of a general
two Higgs doublet model. The new contribution is in
particular important when we consider a particle spec-
trum where SUSY particles are much heavier than all
Higgs bosons. In such a case, the effective theory below
the SUSY mass threshold is a general two Higgs dou-
blet model. Many interesting new effects are pointed out
in various flavor changing neutral current processes as
well as LFV processes[8]. For LFV processes, new Higgs-
boson exchange contributions are considered for τ → 3µ
[9, 10] and τ → µη [11] processes.
We calculated the µ − e conversion rate in the SUSY
seesaw model, taking account of the Higgs-mediated con-
tribution [12]. Due to the SUSY loop correction to the
Yukawa coupling constant, new couplings between H2
and charged leptons are induced, which include LFV
interactions. Then, the heavy neutral Higgs boson ex-
change diagram generates the LFV interaction of the
e¯LµRs¯s form. After taking the matrix elements between
nucleons, this operator can give dominant contributions
to the µ − e conversion rare, especially for a large tanβ
region, because this contribution has a (tanβ)6 depen-
dence. Roughly speaking the Higgs-exchange contribu-
tion is given by
B(µAl→ eAl)H0 ∼ O(10
−13) ·
(
200GeV
mH0
)4
·
(
tanβ
60
)6
,(6)
whereas the ordinary photon exchange contribution is
B(µAl→ eAl)γ ∼ O(10
−13) ·
(
1000GeV
MS
)4
·
(
tanβ
60
)2
.(7)
In Figs. 2 and 3, results of numerical calculations are
shown. Here, we take the right-handed neutrino mass of
1014 GeV and tanβ = 60. For more details on calcula-
tion, see Ref.[12]. Fig. 2 shows the µ−e conversion rate is
enhanced if the heavy Higgs boson mass (mH0) becomes
smaller, whereas the µ → eγ process does not show any
particular dependence on mH0 . For a smaller mH0 , both
processes can have branching ratios of 10−13−10−12. The
enhancement for the µ−e conversion process is shown in
Fig.3, where the ratio of two branching ratios are plot-
ted. For a large mH0 the ratio approaches to the value
of the photon-penguin dominant case, whereas the ra-
tio can be close to one for a small mH0 . The domi-
nance of the Higgs-mediated contribution can be seen
by the atomic number dependence of the µ − e conver-
sion rate. In the region of the µ− e conversion enhance-
ment, B(µPb → ePb)/B(µAl → eAl) becomes smaller,
which is realized when the scalar coupling gives a domi-
nant contribution. We also show B(µ→ 3e)/B(µ→ eγ)
here. There is no sizable enhancement for µ → 3e pro-
cess because the Higgs-exchange diagram involves a small
electron Yukawa coupling constant.
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FIG. 2: The mH0 dependences of the branching ratios of
the following processes are shown: (a) µ − e conversion in
aluminum nucleus and (b) µ→ eγ decay. We take the right-
handed neutrino masses to be 1014 GeV, and tan β = 60. The
soft masses for the Higgs fields are treated as free parameters.
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FIG. 3: The following ratios of the branching ratios are shown
as functions of mH0 : (a) B(µAl → eAl)/B(µ → eγ), (b)
B(µPb → ePb)/B(µAl → eAl), and (c) B(µ → 3e)/B(µ →
eγ). We take the right-handed neutrino masses to be 1014
GeV, and tan β = 60. The soft masses for the Higgs fields are
treated as free parameters.
IV. CONCLUSIONS
In this talk, I discussed searches for new physics effects
in muon LFV processes, namely, µ → eγ, µ → 3e and
µ − e conversion processes. Several ways are considered
to discriminate different theoretical models. Compari-
son of three branching ratios is one important way, but
within a single process, we can obtain information on the
LFV interaction using muon polarization for µ→ eγ and
µ → 3e processes and Z-dependence of the conversion
5rate for the µ− e conversion case. As an illustration, we
have calculated the Higgs-mediated contribution to µ−e
conversion in the SUSY seesaw model, and shown how
the ratio of the branching ratio and Z-dependence are
useful to discriminate different models. Search for LFV
processes is therefore a very powerful method to look for
new physics, and if LFV effects are discovered, we expect
rich physics program in all of these muon processes.
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